The cytokine interleukin-1␤ (IL-1␤) is a potent activator of human astrocytes, inducing or modulating expression of multiple proinflammatory genes via activation of the transcription factors nuclear factor-B (NF-B) and activator protein-1 (AP-1). In this study, we examined whether IL-1␤ signaling is regulated in these cells by extracellular nucleotides that are released at high concentrations under inflammatory conditions and act as ligands for members of the P2 receptor family. Using reporter constructs and electromobility shift assays, we found that cotreatment of astrocyte cultures with ATP (1-100 M) significantly potentiated IL-1␤-mediated activation of NF-B and AP-1 and that ATP alone activated AP-1. These effects were blocked by the P2 receptor antagonists XAMR 0721, periodate-oxidized ATP, and suramin. A role for ATP in modulating IL-1␤-mediated inflammatory gene expression was supported further by the observation that ATP potentiated the IL-1␤-induced expression of IL-8 mRNA and protein but strongly downregulated IP-10 expression. Reverse transcription-PCR and cloning demonstrated expression of the ATP-responsive P2 receptor subtypes P2Y 1 , P2Y 2 , and P2X 7 , as well as the ATP-insensitive receptor P2Y 4 . ADP, a selective agonist for P2Y 1 , produced results similar to or greater than those obtained using ATP, whereas 2Ј-3Ј-O-(4-benzoylbenzoyl)-ATP, a selective agonist for P2X 7 , was less effective than ATP. In contrast, UTP, a selective agonist for P2Y 2 and P2Y 4 , was ineffective. These studies indicate that different P2 receptor subtypes play distinct roles in the modulation of IL-1␤-mediated signal transduction in human astrocytes, and that signaling via P2 receptors may fine-tune the transcription of genes involved in inflammatory responses in the human CNS.
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Astrocytes, oligodendrocytes, and microglia form the major classes of glial cells in the CNS. Astrocytes function to maintain the homeostatic environment of the CNS and also play an important role in immune regulation, acting as a source of chemokines, cytokines, and effector molecules (Ransom and Sontheimer, 1992; Norenberg, 1997) . Coordination of function in astrocyte populations is believed to occur via at least two different mechanisms: an intercellular pathway mediated by gap junctions composed of connexin43 subunits and an extracellular pathway mediated by receptors of the P2 family that respond to nucleotides such as ATP, ADP, UTP, and UDP (Guthrie et al., 1999; John et al., 1999; Scemes et al., 2000) . These pathways are thought to provide a mechanism whereby astrocytes are able to sense and respond to changes in the state and activity of neighboring cells and the surrounding CNS microenvironment.
Inflammatory responses in the CNS rapidly induce marked changes in astrocytes that reflect an activated state, usually referred to as a reactive gliosis (Brosnan and Lee, 1997) . Previous work has shown that the cytokine interleukin-1␤ (IL-1␤) is a key activator of primary human astrocytes, inducing or modulating gene expression in a similar pattern to that observed under inflammatory conditions in vivo (Lee et al., 1993; Benveniste et al., 1994) . IL-1␤ activates the transcription factors nuclear factorkappa B (NF-B) and activator protein-1 (AP-1), inducing the expression of multiple genes associated with inflammation, including chemokines, cytokines, enzymes, and adhesion molecules (Davis, 2000; Karin and Delhase, 2000) . In the normal healthy CNS, constitutive expression of IL-1␤ is low and is restricted to specific neuronal tracts (Breder et al., 1988) . However, increased IL-1␤ expression has been extensively documented in vivo in a number of different inflammatory and degenerative conditions of the CNS (Rothwell, 1999) .
Concentrations of extracellular nucleotides are also known to rise significantly under inflammatory conditions in vivo. In normal tissues, extracellular nucleotide levels are low and tightly regulated (Lazarowski et al., 2000a) . However, activated lymphocytes, macrophages, microglia, and platelets, as well as cells undergoing necrosis or apoptosis, release high concentrations of different nucleotide diphosphates and triphosphates into the extracellular space (Dubyak and el-Moatissim, 1993) . Using chemical antagonists, we recently found that autocrine or paracrine activity of extracellular nucleotides on P2 receptors is required for astrocyte activation (Liu et al., 2000) , and similar findings have also been reported in murine macrophages (Hu et al., 1998; Sikora et al., 1999) . In the present study, we tested the hypothesis that increased concentrations of extracellular nucleotides regulate IL-1␤ signal transduction in human astrocytes via a P2 receptormediated pathway. Our data show that extracellular nucleotides acting as ligands for P2 receptors modulate IL-1␤-induced transcription factor activation and differentially regulate inflammatory gene expression in primary human astrocytes; our data further indicate that different P2 receptor subtypes play distinct roles in determining these effects. On the basis of our results, we suggest that extracellular nucleotides coordinate inflammatory events in the CNS via P2 receptor-mediated signaling pathways by regulating IL-1␤-mediated signal transduction and gene expression.
MATERIALS AND METHODS
Astroc yte cultures and c ytok ines. Enriched human fetal brain astrocyte cultures were established from second trimester abortuses as described previously (Lee et al., 1992) . All tissue collection was approved by the Institutional C linical Review Committee. Culture purity was determined by immunostaining for glial fibrillary acidic protein (astrocytes), microtubule-associated protein-2 (neurons), and CD68 (microglia). Recombinant human IL -1␤ was a gift from the Biological Response Modifiers Program at the National C ancer Institute (Frederick, MD); the dose used (10 ng /ml) was based on dose -response studies that we have performed previously on IL -1-mediated signal transduction in human fetal astrocytes (Liu et al., 2000) . It is identical to that used in studies that have examined the IL -1 signaling cascade leading to N F-B and AP-1 activation in several other cell types (Delhase et al., 1999; NinomiyaTsuji et al., 1999) .
Treatment of cell cultures with P2 receptor agonists and antagonists. 2Ј-3Ј-O-(4-benzoyl-benzoyl)-ATP (BzATP), ADP, ATP, periodateoxidized ATP (oATP), suramin, UTP (all from Sigma, St. L ouis, MO), and X AMR-0721 (C albiochem, San Diego, CA) were dissolved in DM EM and used as described at the concentrations indicated. In experiments in which P2 receptor antagonists were used, cells were pretreated with the antagonists for 2 hr before IL -1␤ or P2 agonist stimulation. In the case of the irreversible antagonist oATP, medium was changed in both oATP-treated and control cultures immediately before addition of cytokines or P2 agonists as indicated. Other (reversible) inhibitors were left in the medium during treatment of cultures.
Transient transfection and luciferase reporter assay. Cultures of primary human astrocytes were transfected using lipofectamine (Life Technologies, Grand Island, N Y). Briefly, 1 g of the NF-B-luciferase reporter construct pIg-L uc (Fujita et al., 1993) or AP-1 reporter construct 6AP1-L uc (gift from Roya K hosravi-Far, Harvard Medical School) and 10 l of lipofectamine were incubated for 30 min in 200 l of serum-and antibiotic-free medium to form DNA-liposome complexes. Astrocytes in six-well plates (80% confluent) were incubated with the transfection mix for 5 hr, then transferred to medium containing 5% FBS. Eighteen hours later, cells were treated with the indicated agents for the times shown and harvested with 300 l of reporter lysis buffer (Boehringer Mannheim, Indianapolis, I N). Lysate (20 l) was added to 100 l of luciferase substrate (Boehringer Mannheim) for 10 sec, and relative light units (RLU) were determined (L umat L B L uminometer; Berthold Systems Inc., Aliquippa, PA). Additional experiments were performed to control for background activity of the reporter vectors. No activity was observed in cells transfected with pf-L uc (empty vector control for pIgk-L uc) and stimulated with each of the experimental conditions tested. L ow-level background activity was noted in cells transfected with ⌬56fosdE-L uc (empty vector control for 6AP1-L uc), but did not reach the levels observed in control cells transfected with 6AP1-L uc. Controls for transfection efficiency were performed using pGreen Lantern (Life Technologies); they demonstrated that transfection efficiency did not differ between wells from the same cases plated at the same density, as we have also described previously (Liu et al., 2000) .
Electromobilit y shif t assay. Confluent astrocyte cultures in 100 mm dishes were serum-starved for 72 hr and then treated as described in figure legends. Nuclear extracts were prepared on ice using a modified Dignam method (Akama et al., 1998) , with all buffers supplemented with 1 mM PMSF, 1 mM DTT, and a mixture of protease inhibitors (Boehringer Mannheim). C ells (ϳ3 ϫ 10 6 ) were scraped into 1.2 ml of 1 mM PMSF and calcium -magnesium-free PBS and pelleted in microcentrif uge tubes. Pellets were resuspended in low salt buffer (10 mM H EPES, pH 7.9, 1.5 mM MgC l 2 , 10 mM KCL) and allowed to sit on ice for 10 min before the addition of 75 l of 10% Nonidet P-40. Then, samples were vortexed (10 sec) and centrif uged (13,000 g, 30 sec). The nuclear pellet was resuspended in high salt buffer (20 mM H EPES, pH 7.9, 25% glycerol, 420 mM NaC l, 1.5 mM MgC l 2 , 0.2 mM EDTA) and allowed to rock gently at 4°C for 30 min before centrif ugation (13,000 g, 15 min). Supernatants were collected, and protein content was determined using the Bradford assay. Electromobility shift assay (EMSA) was performed using the Gel Shift Assay System (Promega, Madison, W I) and ␥-32 P labeled oligonucleotides containing the N F-B (5Ј-AGT TGA GGG GAC TTT CCC AGG C -3Ј) or AP-1 (5Ј-CGC TTG ATG AGT CAG CCG GAA-3Ј) consensus binding sequences. As a control, nuclear extracts (4 g) were incubated in binding buffer [4% glycerol, 50 g /ml poly(dI-dC), 1 mM MgC l 2 , 0.5 mM EDTA, 50 mM NaC l, 10 mM Tris-HC l] with 1.75 pmol of either specific or nonspecific competitor oligonucleotides for 15 min before addition of labeled probe. After incubation at room temperature for 20 min, supershift antibodies (2 g; Santa Cruz Biotechnology, Santa Cruz, CA) were added to some samples for another 40 min. Samples were separated on a 5.5% polyacrylamide/5% glycerol gel in Tris-glycine buffer.
R Nase protection assay. Confluent astrocyte cultures in 100 mm dishes were serum-starved for 72 hr and treated as described in figure legends. Total RNA was extracted using Trizol (Life Technologies), and 10 g per sample was analyzed by RNase protection assay using a commercially available template set (BD PharMingen, San Diego, CA), according to the manufacturer's instructions. Bands obtained on autoradiography were quantitated on a Storm 860 scanner using ImageQuant software (Molecular Dynamics, Sunny vale, CA) and compared with the housekeeping gene large ribosomal subunit L32.
Sandwich ELISA. Supernatants collected from confluent astrocyte cultures treated as above were analyzed for IL -8 and interferon-gammainducible protein of 10 kDa (I P-10) protein concentrations. Matched capture and detection monoclonal antibodies for I P-10 and streptavidinhorseradish peroxidase conjugate were purchased from BD PharMingen. C apture antibody in PBS was used to coat 96-well plates (Maxisorp; Nalge Nunc, Rochester, N Y) at room temperature overnight; then plates were washed (0.05% T ween 20 in PBS), blocked in PBS containing 1% BSA, 5% sucrose, and 0.05% NaN 3 (2 hr), and washed again. Samples and recombinant standard were added and incubated for 2 hr, followed after washing by detection antibody in PBS (2 hr), and after additional washing by streptavidin -horseradish peroxidase conjugate (30 min). The assay was developed using TMB peroxidase substrate (Bio-Rad, Hercules, CA), and the reaction was stopped using 0.5 M sulf uric acid. A commercially available sandwich ELISA (Quantikine; R&D Systems, Minneapolis, M N) was used to measure concentrations of IL -8. Absorbance was read at 450 nm on a microplate reader (Bio-Rad) for both the I P-10 and IL -8 assays.
Reverse transcription-PCR and cloning. At indicated times, total RNA was isolated from confluent cultures using Trizol. RNA (10 g) was treated with DNase-1 (Promega) and subjected to phenol -chloroform extraction. First strand cDNA was prepared using oligo-dT and the SuperScript II preamplification system (Life Technologies) and amplified directly by PCR using Pfu (Stratagene, La Jolla, CA). As a control, RNA samples were also subjected to the first strand cDNA preparation protocol without reverse transcriptase. Primers were based on the reported sequences of the human P2Y 1 , P2Y 2 , P2Y 4 , and P2X 7 receptors (Parr et al., 1994; Communi et al., 1995; Ay yanathan et al., 1996; Rassendren et al., 1997) , and the primers for P2Y 2 , P2Y 4 , and P2X 7 have been published previously (Gorodeski et al., 1998; Merten et al., 1998; Wiley et al., 1998) : P2Y 1 forward, 5Ј-GAC TTC TTG TAC GTG C TG AC T C T-3Ј; and reverse, 5Ј-GAC C TC TTG TCA CC T GAT ACG TG-3Ј; P2Y 2 forward, 5Ј-C TC TAC TTT GTC ACC ACC AGC GCG-3Ј; and reverse, 5Ј-TTC TGC TCC TAC AGC CGA ATG TCC -3Ј; P2Y 4 forward, 5Ј-ATC C TG CCA CCC TCA C TT C TC C -3Ј; and reverse, 5Ј-AGG CGA GAA GAC GAC TGT GC -3Ј; and P2X 7 forward, 5Ј-AC T CC T AGA TCC AGG GAT AGC C -3Ј; and reverse, 5Ј-TCA C TC TTC GGA AAC TC T TTC C-3Ј. Conditions applied for PCR were as follows: 95°for 5 min, followed by 31 cycles of 1 min 95°C, 1 min 64.4°C (P2Y 1 , P2Y 2 , P2X 7 ) or 61.8°C (P2Y 4 ), and 1 min 72°C, followed by 72°C for 7 min. Samples were separated by electrophoresis in ethidium bromide-impregnated 1.5% agarose gels. Identity of PCR product was confirmed by cloning and sequencing as previously reported (John et al., 1999) .
Statistics. Where applicable, results are presented as mean Ϯ SEM. Statistical analysis was performed using ANOVA followed by Bonferroni post test, and p Ͻ 0.05 was considered significant.
RESULTS

Induction of NF-B transcriptional activation by IL-1␤ is potentiated by binding of extracellular ATP to P2 receptors
Binding of IL-1␤ to the type I IL-1 receptor leads to dosedependent activation of the transcription factors NF-B and AP-1, inducible enhancers of multiple inflammatory genes, including chemokines, cytokines, and effector molecules. To determine the effect of extracellular ATP on IL-1␤-induced NF-B activation in human fetal astrocytes, cells were transfected transiently with the NF-B dependent reporter pIg-Luc, then stimulated with IL-1␤ (10 ng/ml) and different concentrations of ATP; luciferase activity was measured after 3 and 6 hr. As previously demonstrated in our laboratories (Liu et al., 2000) , activation of NF-B was induced by 10 ng/ml IL-1␤. Interestingly, ATP strongly potentiated IL-1␤-induced activation of NF-B, although ATP alone induced only low level NF-B activation even at a concentration of 100 M (Fig. 1 A) . The effects of ATP were observed after both 3 and 6 hr ( Fig. 1 A) and were dosedependent (1-100 M; data not shown).
To determine whether the effect of ATP on IL-1␤-induced NF-B activation was mediated via P2 receptors, we pretreated astrocytes transfected with the NF-B reporter construct with P2 receptor antagonists for 2 hr, and then activated them with IL-1␤ (10 ng/ml), ATP (100 M), or both for 6 hr. Pretreatment with P2 antagonists including XAMR-0721 (Fig. 1 B) , oxidized ATP, or suramin (data not shown) at 300 M significantly downregulated activation of NF-B induced by IL-1␤, ATP, or ATP plus IL-1␤. The concentrations of antagonists that were used were based on previous findings in our laboratory and other laboratories that have shown that P2 receptor blockade downregulates signaling by IL-1␤, TNF␣, and LPS in human astrocytes and mouse macrophages (Hu et al., 1998; Sikora et al., 1999; Liu et al., 2000) . At these concentrations, none of the receptor antagonists had any effect on cell viability, as determined by LDH release or trypan blue exclusion (data not shown).
Extracellular ATP potentiates IL-1␤-induced NF-B nuclear translocation and DNA binding
The effect of ATP on IL-1␤-induced NF-B nuclear translocation and consensus sequence binding was examined at specific time points using an EMSA. Astrocytes were stimulated with IL-1␤ (10 ng/ml), ATP (100 M), or both, and nuclear extracts were prepared at 30 min and 3 and 6 hr. In samples from untreated cells, four faint mobility shift complexes were detected (Fig. 1C) . IL-1␤ treatment enhanced the shift complex labeled "A" at 30 min and 3 and 6 hr. ATP strongly potentiated the response to IL-1␤ at 6 hr (Fig. 1C) . ATP alone induced a low level of NF-B DNA binding at 30 min and 3 hr. All four complexes could be competed out with a 50 M excess of NF-Bspecific cold oligonucleotide in all samples (3 hr IL-1␤-treated are illustrated; S lanes) but not by a nonspecific competitor (NS lanes) . Supershift experiments demonstrated that IL-1␤-induced NF-B was a p65/p50 heterodimer and that ATP had no effect on the subunit composition (data not shown).
Binding of extracellular ATP to P2 receptors induces AP-1 transcriptional activation and potentiates IL-1␤-induced AP-1 activation
Like NF-B, AP-1 is induced by IL-1␤ and regulates the inducible expression of multiple inflammatory genes (Davis, 2000) . IL-1␤ induced AP-1 activation in these cells, as previously demonstrated in our laboratory (Liu et al., 2000) . Interestingly, AP-1 activation was also induced strongly by ATP alone. The effects of IL-1␤ and ATP on AP-1 activation were additive at both 3 and 6 hr time points (Fig. 2 A) . Blockade of P2 receptors strongly reduced AP-1 activation induced by ATP or ATP plus IL-1␤ (Fig. 2 B) .
An EMSA was used to examine AP-1 nuclear translocation and DNA binding. In samples from control cultures, there were two faint mobility shift complexes (Fig. 2C) . Treatment of cells with IL-1␤ resulted in progressive enhancement of the upper shift complex at 30 min and 3 and 6 hr. Treatment with ATP also enhanced the upper shift complex but with different kinetics; the strongest enhancement was observed at 3 hr. Cotreatment with IL-1␤ and ATP led to AP-1 activation that was strongest at 6 hr. Both mobility shift complexes could be competed out with a 50 M Figure 1 . IL-1␤-mediated activation of NF-B is potentiated by extracellular ATP binding to P2 receptors. A, Astrocyte cultures were transfected transiently with a luciferase reporter construct for NF-B activation. Cells were treated with IL-1␤ (10 ng/ml), ATP (100 M), or both, and luciferase activity was measured in relative light units (RLU ) at 3 and 6 hr. Results are presented as mean Ϯ SEM, at least three observations per condition. Activation of NF-B induced by IL-1␤ was significantly potentiated by ATP at both 3 hr ( p Ͻ 0.001; one-way ANOVA followed by Bonferroni post test) and 6 hr ( p Ͻ 0.001). ATP alone induced only weak NF-B activation. Data are representative of six separate experiments on astrocytes from five different brains. B, Cells were transfected transiently with the NF-B reporter, then treated as above in the presence or absence of pretreatment with XAMR-0721 (300 M), and luciferase was measured at 6 hr. P2 receptor blockade strongly downregulated NF-B activation induced by ATP plus IL-1␤ ( p Ͻ 0.001) or IL-1␤ alone ( p Ͻ 0.001). C, Astrocyte cultures were treated with IL-1␤ (I lanes), ATP (A lanes), or both as above. Nuclei were harvested at 30 min and 3 and 6 hr and subjected to EMSA with a radiolabeled oligonucleotide probe containing the NF-B binding site, along with specific (S lane) and nonspecific (NS lane) competitor oligonucleotides. Four shift complexes ( A-D) were observed. Complex A was strongly enhanced by IL-1␤, most notably at 6 hr, and also weakly by ATP at 30 min and 3 hr. ATP strongly potentiated the response to IL-1␤ at 6 hr. The experiment shown is representative of four experiments using astrocytes from four different brains.
excess of cold AP-1-specific oligonucleotide in all samples (3 hr IL-1␤-treated are illustrated; S lanes) but not by a nonspecific oligonucleotide (NS lanes).
Extracellular ATP differentially regulates IL-1␤-induced expression of ␣ chemokines IP-10 and IL-8
Previous work has shown that in human fetal astrocytes, IL-1␤ induces expression of chemokines including IL-8, IP-10, and monocyte chemotactic protein-1 (Oh et al., 1999; Hua and Lee, 2000) . To determine whether the effects of ATP on IL-1␤-induced transcription factor activation were associated with changes in IL-1␤-induced inflammatory gene expression, astrocytes were treated with IL-1␤, ATP, or both, and chemokine mRNA and protein were analyzed using RNase protection assay and sandwich ELISA. Interestingly, ATP had differential effects on expression of different ␣ chemokines; ATP potentiated IL-1␤-mediated induction of IL-8 mRNA (Fig. 3A) and protein (Fig.  3C ) at 6 hr, but strongly downregulated IL-1␤-induced IP-10 expression at the mRNA and protein levels (Fig. 3A, 3B) . A similar pattern of IP-10 and IL-8 protein expression was observed at 24 hr (data not shown).
Primary human fetal astrocytes express the P2 receptor subtypes P2Y 1 , P2Y 2 , P2Y 4 , and P2X 7
Calcium imaging experiments in our laboratories have shown previously that human fetal astrocyte cultures respond to ATP via P2 receptors and also to the selective agonists 2-methylthio-ATP (selective for P2Y 1 ) and UTP (P2Y 2 , P2Y 4 ), but not to ␣,␤,-methylene-ATP (P2X receptors) (John et al., 1999) . Additional imaging experiments in our laboratory using the calcium-sensitive dye fura-2 demonstrated that these cells also respond to BzATP, a P2X 7 -selective agonist, which at a concentration of 300 M elicited an increase in [Ca 2ϩ ] i in Ͼ95% of astrocytes (data not shown). Similar responses to BzATP have been observed previously in other human cell types expressing the P2X 7 receptor, including retinal Müller cells and cells of the monocytemacrophage lineage (Rassendren et al., 1997; Pannicke et al., 2000) . Reverse transcription (RT)-PCR using specific primers Figure 2 . Extracellular ATP binding to P2 receptors activates AP-1 and potentiates IL-1␤-mediated AP-1 activation. A, Astrocyte cultures were transfected transiently with a luciferase reporter construct for AP-1 activity. Cells were treated with IL-1␤ (10 ng/ml), ATP (100 M), or both, and luciferase activity was measured at 3 and 6 hr. AP-1 activation was induced strongly by ATP and was also induced by IL-1␤. The effect of cotreatment with IL-1␤ and ATP was significantly greater than that of either alone at both 3 hr ( p Ͻ 0.001) and 6 hr ( p Ͻ 0.001). Data are representative of nine experiments using astrocytes from eight different brains. B, Astrocyte cultures were transfected transiently with the AP-1 luciferase reporter construct and treated with IL-1␤, ATP, or both as above in the presence or absence of oATP (300 M); luciferase activity was measured at 6 hr. P2 receptor blockade strongly downregulated AP-1 activation induced by ATP ( p Ͻ 0.01) or ATP plus IL-1␤ ( p Ͻ 0.01). C, Nuclei were harvested at 30 min and 3 and 6 hr from astrocyte cultures treated with IL-1␤, ATP, or both as above and subjected to EMSA with a radiolabeled oligonucleotide probe containing the AP-1 binding site. Specificity was confirmed using specific (S lane) and nonspecific (NS lane) competitor oligonucleotides. Two shift complexes (A, B) were observed. IL-1␤ induced progressive enhancement of complex A. ATP also induced enhancement of this complex, but with different kinetics; the strongest response to ATP was observed at 3 hr. Cotreatment with IL-1␤ and ATP led to a response that was most pronounced at 6 hr. Data are representative of four experiments using astrocytes from four brains. Figure 3 . E xtracellular ATP differentially regulates IL -1␤-induced expression of I P-10 and IL -8. A, RNA was extracted at 1 and 6 hr from astrocyte cultures treated with IL -1␤ (10 ng /ml), ATP (100 M), or both and subjected to RNase protection assay analysis of I P-10, IL -8, and large ribosomal subunit L32. Undigested ( U) and digested ( D) controls are shown in the first two lanes. Densitometric ratios of I P-10 and IL -8 to L32 are given beneath each lane. ATP strongly downregulated IL -1␤-induced expression of I P-10 but upregulated IL -1␤-mediated IL -8 mRNA expression. B, C, Supernatants were harvested from the same cultures described in A and subjected to sandwich ELISA for I P-10 ( B) and IL -8 ( C). IL -1␤-induced expression of I P-10 protein was strongly downregulated by ATP ( p Ͻ 0.001), whereas IL -1␤-mediated IL -8 protein expression was strongly upregulated ( p Ͻ 0.001). Data are representative of three separate experiments on astrocytes from three different brains.
confirmed expression of mRNA for P2Y 1 , P2Y 2 , P2Y 4 , and P2X 7 in human astrocyte cultures ( Fig. 4; R lanes) . A single band was detected for each subtype (P2Y 1 , 647bp; P2Y 2 , 632bp; P2Y 4 , 765bp; P2X 7 , 356bp), the identity of which was established by cloning and sequencing. Data obtained from three clones per subtype gave sequences Ͼ97% identical to the reported Genbank sequence of that subtype (P2Y 1 , NM002563; P2Y 2 , NM002564; P2Y 4 , NM002565; P2X 7 , NM002562). No band was detected after RT-PCR in the absence of reverse transcriptase (N lanes).
Agonists selective for P2 receptor subtypes expressed by human astrocytes have differential effects on IL-1␤-induced NF-B activation
The P2 receptor subtypes P2Y 1 , P2Y 2 , and P2X 7 are ATPsensitive, whereas P2Y 4 is ATP-insensitive. To determine whether the effects of ATP on IL-1␤-induced NF-B and AP-1 activation were mediated via P2Y 1 , P2Y 2 , and/or P2X 7 , astrocyte cultures were treated with agonists selective for these receptor subtypes, or IL-1␤, or a selective agonist plus IL-1␤. ADP was used as a selective agonist for P2Y 1 because it has been reported to be a full agonist at this subtype (Palmer et al., 1998) , whereas 2-methylthio-ATP has been reported as only a partial agonist (Hechler et al., 1998) . Results were analyzed using transcription factor-dependent luciferase reporter constructs and EMSA as described above and compared with results obtained using ATP.
In astrocytes transfected with the NF-B reporter construct, as expected over 6 hr, NF-B activation was strongly potentiated by ATP. ADP produced similar results to those obtained using ATP (Fig. 5A) . BzATP (selective for P2X 7 ) also potentiated IL-1␤-mediated NF-B activation, but at a lower level than was observed using ATP or ADP. In contrast, UTP (selective for P2Y 2 and P2Y 4 ) had no effect.
An EMSA demonstrated that IL-1␤-induced NF-B DNA binding was strongly potentiated by ATP and ADP (Fig. 5B) . BzATP also potentiated the effect of IL-1␤, but to a lesser extent. UTP had little effect.
Differential effect of P2 receptor subtype-selective agonists on AP-1 activation
In primary astrocyte cultures transfected with the AP-1 reporter construct, interestingly, ADP alone activated AP-1 more strongly than ATP, and treatment with IL-1␤ and ADP together was a more potent stimulus than ADP alone (Fig. 6 A) . In contrast, BzATP and UTP were ineffective (Fig. 6 A) . An AP-1-specific EMSA demonstrated that ADP was at least as potent as ATP in inducing AP-1 DNA binding, whereas the effects of BzATP and UTP were weaker (Fig. 6 B) .
Selective agonists for P2 receptor subtypes regulate IL-1␤-induced expression of ␣ chemokines in primary human astrocytes
The effects of selective P2 receptor agonists on IL-1␤-induced IL-8 and IP-10 expression were compatible with their effects on NF-B and AP-1 activation (Fig. 7) . IL-8 expression was potentiated by ATP and ADP (Fig. 7B) . BzATP also potentiated expression of IL-8 to a slightly lesser degree than ATP or ADP. UTP had no significant effect on IL-8. IP-10 expression induced by IL-1␤ was strongly downregulated by ATP, ADP, and BzATP, whereas UTP had a less potent downregulatory effect (Fig. 7A) . Figure 4 . Human fetal astrocyte cultures express P2Y 1 , P2Y 2 , P2Y 4 , and P2X 7 . Total RNA extracted from untreated human fetal astrocyte cultures was subjected to first-strand reverse transcription followed by PCR using specific primers, and PCR product was separated on an ethidium bromide-impregnated 1.5% agarose gel. Results shown were obtained from the same batch of cDNA from astrocytes from the same brain. A single band of the expected size was detected for P2Y 1 (647 bp), P2Y 2 (632 bp), P2Y 4 (765 bp), and P2X 7 (356 bp) (R lanes). Identity of the bands was confirmed by cloning and sequencing. No band was detected after RT-PCR in the absence of reverse transcriptase (N lanes). Data shown are representative of at least three separate experiments using three different brains for each receptor subtype. Figure 5 . Agonists selective for P2 receptor subtypes expressed by astrocytes have differential effects on IL-1␤-mediated NF-B activation. Astrocyte cultures that were transiently transfected with the NF-B-specific luciferase reporter construct were treated with ATP, ADP, UTP, or BzATP (100 M) with or without IL-1␤ (10 ng/ml), and luciferase activity was measured at 6 hr. Results are presented as fold activation over untreated control and represent pooled data from seven experiments using astrocytes from six different brains. Each treatment was repeated on astrocytes from at least three brains, with at least three separate observations per treatment per experiment. ADP strongly potentiated IL-1␤-induced NF-B activation ( p Ͻ 0.001) in a similar manner to ATP. BzATP also potentiated IL-1␤-mediated activation of NF-B ( p Ͻ 0.01) but was less potent than ATP or ADP. In contrast, UTP was ineffective. B, Nuclei harvested at 6 hr from cultures treated as above were subjected to EMSA with radiolabeled NF-B-specific oligonucleotide. IL-1␤-induced DNA binding was strongly potentiated by ATP and ADP and more weakly by BzATP. UTP had little effect. Data shown are representative of three separate experiments on cells from three different brains.
DISCUSSION
The studies described in this report arose from our original observation that exposure of human astrocytes to IL-1␤ leads to an alteration in the pathways used by these cells to mediate cell-cell communication, shifting the mode of intercellular calcium wave transmission from a predominantly gap junctiondependent mechanism to a P2 receptor-dependent mechanism (John et al., 1999) . These findings supported the conclusion that extracellular nucleotide signaling through P2 receptors may form an important regulatory mechanism controlling astrocyte function under inflammatory conditions. To test this hypothesis with respect to the known contribution of astrocytes to immunological responses in the CNS, we showed that blockade of P2 receptor signaling significantly downregulated IL-1␤-induced expression of the proinflammatory genes TNF␣, IL-6, and iNOS (Liu et al., 2000) . Compatible results have been reported by groups working with murine macrophages; in these cells, P2 receptor blockade downregulates LPS-induced iNOS expression and nitrite production (Hu et al., 1998; Sikora et al., 1999) . In the present report, we have expanded on these data and now show that selective agonists for some, but not all P2 receptor subtypes expressed by astrocytes potentiate IL-1␤-induced activation of the transcription factors NF-B and AP-1 and differentially regulate expression of the chemokines IL-8 and IP-10, early response genes involved in the initiation of the inflammatory cascade.
Although nucleotides such as ATP are present in millimolar concentrations in the cytosol of all cell types, in resting tissues extracellular nucleotide concentrations are maintained at low levels. There is minimal movement of nucleotides across lipid bilayers, and ectonucleotidases rapidly hydrolyze nucleotides in the extracellular space (Lazarowski et al., 2000a) . However, in areas of inflammation, extracellular nucleotide concentrations rise significantly from sources that include the cytosol of ruptured, dead, or dying cells (Dubyak and el-Moatissim, 1993) , degranulating platelets (Beigi et al., 1999) , and activated T lymphocytes (Filippini et al., 1990) , macrophages (Sikora et al., 1999) , and microglia (Ferrari et al., 1997a) . In our experiments ATP strongly potentiated IL-1␤-mediated NF-B activation in astrocytes but had little effect on NF-B in the absence of IL-1␤. In contrast, ATP alone was sufficient to induce AP-1 activation, whereas ATP and IL-1␤ together were approximately additive. The effects of ATP were dose-dependent, observed at concentrations as low as 1 M (3000 -5000 times lower than the concentration of ATP found in cell cytoplasm), and were blocked by P2 receptor antagonists. Most cell types express multiple P2 receptor subtypes; using RT-PCR, we detected the presence of P2Y 1 , Figure 6 . Differential effects of P2 receptor subtype-selective agonists on AP-1 activation. A, Astrocyte cultures transiently transfected with the AP-1-specific luciferase reporter construct were treated with ATP, ADP, UTP, or BzATP (100 M) with or without IL-1␤ (10 ng/ml), and luciferase activity was assayed at 6 hr. ADP alone activated AP-1 more strongly than ATP ( p Ͻ 0.001), and treatment with IL-1␤ plus ADP was a more potent stimulus than ADP alone ( p Ͻ 0.001). In contrast, BzATP and UTP were ineffective. Data represent results pooled from eight experiments on astrocytes from seven different brains. Each treatment was repeated on astrocytes from at least three brains, with at least three observations per treatment per experiment. B, Cultures were treated as above, and nuclei were harvested at 6 hr and subjected to EMSA with radiolabeled AP-1-specific oligonucleotide. ADP was at least as effective as ATP in inducing AP-1 DNA binding, whereas the effects of BzATP and UTP were weaker. Data shown are representative of three separate experiments on astrocytes from three different brains. Figure 7 . Selective agonists for P2 receptor subtypes play distinct roles in regulating IL-1␤-mediated ␣ chemokine expression. Astrocyte cultures were treated with ATP, ADP, UTP, or BzATP (100 M) with or without IL-1␤ (10 ng/ml), and supernatants were harvested at 6 hr and subjected to sandwich ELISA for both IP-10 and IL-8. A, IL-1␤-mediated expression of IP-10 was strongly downregulated by ATP ( p Ͻ 0.001), ADP ( p Ͻ 0.001), and BzATP ( p Ͻ 0.001), whereas UTP had a downregulatory effect that was weaker but still significant ( p Ͻ 0.001). B, Expression of IL-8 induced by IL-1␤ was strongly potentiated by ATP ( p Ͻ 0.001) and by ADP ( p Ͻ 0.001). BzATP also potentiated IL-1␤-mediated IL-8 expression ( p Ͻ 0.01) but was less potent than ATP or ADP. In contrast, UTP was ineffective. P2Y 2 , P2Y 4 , and P2X 7 in human fetal astrocytes in culture. This pattern of P2Y expression is consistent with what has been detected in rat cortical and cerebellar astrocytes (Jimenez et al., 2000; Lenz et al., 2000) , and signaling through these receptors has also been implicated in regulation of the cytoskeletal network, cell-cycle progression, and release of prostaglandins (Stella et al., 1997; Brambilla et al., 1999; Neary et al., 1999) . ATP-induced formation of AP-1 complexes has also been reported in rat cortical astrocytes (Neary et al., 1996) . Using a panel of subtypeselective P2 receptor agonists, we found that ADP (selective for P2Y 1 ) produced results similar to or greater than those obtained using ATP, whereas BzATP (selective for P2X 7 ) was less potent than ATP, and UTP (P2Y 2 , P2Y 4 ) was ineffective. These data strongly implicate a role for the P2Y 1 receptor in mediating the effects of ATP on IL-1␤-induced NF-B and AP-1 activation, and this would be consistent with the dominant effect of this receptor in mediating increases in [Ca 2ϩ ] i in astrocyte cultures (John et al., 1999; Fam et al., 2000) . In this context, we have also noted with interest a recent report that ADP and UDP accumulate in cell culture medium in addition to ATP and UTP (Lazarowski et al., 2000a) , and that the extracellular concentration of ADP may rise to a level up to five times greater than that of ATP (Lazarowski et al., 2000b) .
Our results also suggest a stimulatory, albeit more minor, role for the P2X 7 receptor. This receptor, which is an atypical member of the ionotropic P2X receptor family, has been investigated most extensively in cells of the monocyte-macrophage lineage (Surprenant et al., 1996) . In rat macrophages and microglia, P2X 7 has been implicated in the formation of a large transmembrane pore that allows the bidirectional passage of molecules up to 900 Da. Activation of P2X 7 with high dose ATP (1-3 mM) has also been implicated in the activation of NF-B and SAPK/JNK and subsequent cell death (Ferrari et al., 1997a; Humphreys et al., 2000) , as well as in the release of cytokines such as IL-1 (Ferrari et al., 1997b; Solle et al., 2000) . However, the rat and human P2X 7 receptors have been reported to differ in their properties, particularly with regard to pore formation (Rassendren et al., 1997) . The membrane permeability to large cations has been shown to be much lower in the human than in the rat receptor, and ATP-triggered dye uptake in cells transfected with the human receptor or in human macrophages is only 20% of that observed in cells transfected with the rat receptor. Similar results have recently been reported for human retinal Müller cells, which share properties in common with astrocytes and have been shown to express P2X 7 by RT-PCR, immunocytochemistry, and electrophysiology but do not form a pore in response to BzATP (Pannicke et al., 2000) . It has been suggested that the species-specific differences observed in the properties of P2X 7 may reflect differences in the C-terminal domain of the human versus the rat receptor (Rassendren et al., 1997) . Our data are compatible with these findings; using a Lucifer yellow permeability assay we have not observed dye uptake in human fetal astrocyte cultures treated with millimolar concentrations of ATP, despite obtaining a clear RT-PCR signal for P2X 7 as well as BzATP-induced transcription factor activation and calcium responses.
As a functional readout for nucleotide effects on astrocyte immune function, we examined the expression of the ␣ chemokines IL-8 and IP-10 because these are early response genes associated with inflammation, and our results clearly showed that extracellular nucleotides differentially regulate IL-1␤-induced expression of these two chemokines within the same time frame. That both fetal and adult human astrocytes can be activated by IL-1␤ to express IL-8 and IP-10 has been well established (Oh et al., 1999; Hua and Lee, 2000) . IL-8 is an ELR-positive (i.e., Glu-Leu-Arg motif-containing) ␣ chemokine that is principally recognized for its role as a chemotactic factor for neutrophils (Yasumoto et al., 1992) , and levels of IL-8 rise dramatically in the CSF of patients with bacterial meningitis (Spanaus et al., 1997) , as well as after brain injury, ischemia, and stroke (Tarkowski et al., 1997; Whalen et al., 2000) . IL-8 may also play other roles in the CNS because it has been shown to provide trophic support for specific neuronal populations against a variety of toxic insults (Bruno et al., 2000) . Conversely, IP-10 is an ELR-negative (i.e., contains no Glu-Leu-Arg motif) ␣ chemokine with known chemotactic effects on T cells and monocytes, as well as antiviral, anti-angiogenic, and anti-tumor properties (Luster and Leder, 1993; Angiolillo et al., 1995; Ben-Baruch et al., 1995) . It is expressed in astrocytes in a number of different inflammatory, infectious, and degenerative conditions of the CNS (Ransohoff et al., 1993; Asensio and Campbell, 1999) . The promoter regions for both of these chemokines contain several transcription regulatory elements, but analysis of the IL-8 promoter has shown that expression requires the activity of a combination of either NF-B and AP-1 or NF-B and NF-IL-6 (Mahe et al., 1991; Yasumoto et al., 1992) . Maximal IP-10 expression also requires cooperation between two sites, with strong promoter activity involving both an interferon-stimulated response element and an NF-B site that binds a p65 homodimer (Majumder et al., 1998) . The fact that activation of astrocytes with nucleotides in the presence of IL-1␤ led to the differential regulation of IL-1␤-induced IL-8 and IP-10 expression was unexpected, and at the present time the mechanism for this remains unclear. However, the results of the current study demonstrate that the effects of extracellular nucleotides on IL-1␤-mediated inflammatory gene expression are more complex than a general upregulation or downregulation. Expression of some genes is potentiated, whereas that of others is downregulated, and the overall effect on the inflammatory cascade may be more subtle than previously realized.
In summary, our results show that IL-1␤-induced astrocyte activation is regulated by extracellular nucleotide signaling through P2 receptors and that these effects are dependent on the concentration and composition of extracellular nucleotides and on the complement of receptor subtypes expressed by the cell. Our findings are compatible with the hypothesis that nucleotides released under inflammatory conditions activate autocrine or paracrine signaling pathways, permitting modulation of the inflammation that precipitated the nucleotide release (Burnstock, 1976; Dubyak, 2000) . We suggest that the P2 receptor system constitutes a mechanism whereby activation of the proinflammatory signaling cascade can be coordinated with information from the extracellular environment.
